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Introduction
Numerous studies have established the senescence of the immune system in aged human and murine populations resulting in reduced effectiveness of both the innate and the acquired We have previously shown that upon stimulation with LPS, a TLR-4 ligand, aged splenic macrophages secrete lower levels of the pro-inflammatory cytokines, IL-6, IL-12, and TNF-α, but higher levels of IL-10, resulting in cytokine dysregulation (L. Chelvarajan, et al., 2007; R. L. Chelvarajan, Collins, Van Willigen, & Bondada, 2005 ; R. L. Chelvarajan, et al., 2006) . Similar defects in TLR-induced pro-inflammatory cytokine secretion by aged splenic macrophages have also been observed in other studies (Boehmer, Goral, Faunce, & Kovacs, 2004; Renshaw, et al., 2002) . As a result, TLR-4 activated aged macrophages or their secreted pro-inflammatory cytokines are not able to effectively provide support to B-cell mediated anti-capsular polysaccharide antibody responses (Bondada, et al., 2000; Garg, Luo, Kaplan, & Bondada, 1996) . Here we investigated whether or not similar cytokine dysregulation is exhibited when aged macropahges are stimulated with different types of TLR-2 ligands that are relevant in the context of pneumococcal infections. Unlike other TLRs that form homodimers, the TLR-2 receptor complex is a heterodimer which gives it the ability to recognize a broader spectrum of ligands. Gram positive bacteria contain lipoproteins that are known to be recognized by TLR-2 resulting in the initiation of inflammation and control of bacterial infection (Santos-Sierra, et al., 2009) . We also investigated this phenomenon in the context of heat killed S. pneumoniae (HKSP).
The lipoproteins or lipopeptides derived from them are differentially recognized by either the TLR2/6 heterodimer or the TLR2/1 heterodimer depending on whether the cysteine residue is diacylated or triacylated. TLR2/1 recognizes a variety of bacterial lipopeptide/ lipoproteins including mycobacterial lipoprotein, meningococcal lipoprotein and synthetic Pam3CSK4, while TLR2/6 recognizes mycoplasma lipoprotein, peptidoglycan and the synthetic Pam2CSK4. (Takeuchi, et al., 2001; Wetzler, 2003) . However, some studies have shown that TLR-2 can recognize some bacterial ligands such as lipoteichoic acids (LTA) independent of TLR-1 or 6 (Buwitt-Beckmann, et al., 2006) . LTAs are more restricted to Gram positive bacteria than synthetic Pam2CSK4 and Pam3CSK4 like lipopeptides that can be found in both Gram positive and Gram negative bacteria (Han, Kim, Martin, Michalek, & Nahm, 2003; Seo, Michalek, & Nahm, 2008) . LTA is a potent inducer of inflammatory cytokines in macrophages and human PBMC and is important for innate responses to Gram positive bacteria (Farhat, et al., 2008; Seo, et al., 2008; Wetzler, 2003) .
In spite of the critical role of phosphatidyl inositol-3 kinase (PI3K) in modulating proinflammatory and anti-inflammatory cytokines in macrophages and dendritic cells (DC), little research has been done to investigate age-related changes in this important signaling molecule and its potential therapeutic value (Katso, et al., 2001; Marone, Cmiljanovic, Giese, & Wymann, 2008) . PI3K enzymes form a group of lipid kinases consisting of Class I, II and III that are involved in diverse cellular processes including cell growth, migration, apoptosis, proliferation, chemotaxis, and differentiation among others. The Class I PI3K generally catalyzes the phosphorylation of the phosphoinositide at the D3 position and thus converts PtdIns (4,5)P 2 (PIP 2 ) to PtdIns (3,4,5)P 3 (PIP 3 ) (Katso, et al., 2001; Marone, et al., 2008) . The Class I PI3K enzymes can be divided further into Class IA and IB isoforms. The Class IA PI3K consists of a regulatory subunit (p85, p55) and a catalytic subunit (p110) and is activated via a tyrosine-kinase coupled receptor. The regulatory subunit is first recruited to the tyrosine phosphorylated residues in the plasma membrane via its SH-2 domain. It then recruits the catalytic domain to the plasma membrane, stabilizes it and brings it in close proximity to its lipid substrate. The Class IB PI3K catalytic subunit lacks the p85 binding domain and is activated by G protein coupled receptors, (Katso, et al., 2001; Marone, et al., 2008) . The levels of PIP3 can be down-modulated by PTEN (phosphatase and tensin homolog) and SHIP (Src-homology-2 containing inositol 5′-phosphatase), which are phosphatases that respectively target the D3 and D5 position of PIP3 converting it to PIP2 (Marone, et al., 2008) . The PIP3 generated by PI3K activity serves as a docking site for the recruitment of signaling proteins via their pleckstrin homology domains. One of the kinases that is recruited to the membrane by PIP3 is the phosphoinositide-dependent kinase-1 (PDK-1), which then targets the serine-threonine kinase, Akt for phosphorylation at Thr-308 (Cen, et al., 2007) . The activated Akt serves as a master kinase for a plethora of downstream substrates including IKK and GSK-3 (Katso, et al., 2001) .
Recent studies have shown that PI3K signaling also plays a role in most TLR signaling as inhibition of PI3K with pharmacological inhibitors results in differential regulation of antiand pro-inflammatory cytokines (Fukao & Koyasu, 2003; Saegusa, Yotsumoto, Kato, & Aramaki, 2007) . In addition, it has been shown that the Class IA PI3K  are activated after stimulation via diverse TLRs such as TLR2, TLR3,TLR4, TLR5, TLR9 and also the IL-1R signaling pathway (Fukao & Koyasu, 2003) . However, the connection between the TLR signaling and PI3K has only been recently elucidated in gene knockout studies (Luyendyk, et al., 2008) . It has been shown that MyD88 directly interacts with the p85 subunit of PI3K (Laird, et al., 2009) . The PI3K pathway is known to negatively regulate the TLR induced production of pro-inflammatory cytokines (Fukao & Koyasu, 2003; Pengal, et al., 2006; Saegusa, et al., 2007) . Moreover, there is some evidence that this pathway is required for IL-10 production (Polumuri, Toshchakov, & Vogel, 2007; Saegusa, et al., 2007) . Hence, we questioned if PI3K levels were elevated with aging and if inhibiting PI3K in aged splenic macrophages could restore the production of pro-inflammatory cytokines upon stimulation with either TLR ligands or HKSP. We discovered that there was an age-associated increase in the amount of PI3K subunit specific mRNA and its activity as shown by increased phosphorylation of AKT and GSK-3. Inhibition of the PI3K-AKT signaling pathway enhanced TLR2 and HKSP induced proinflammatory cytokines and decreased the anti-inflammatory cytokine levels in both the aged and young adult macrophages, suggesting that modulators of PI3K pathway may engender better immune responses in the aged to infections with bacteria such as pneumococci that express TLR2 ligands.
Materials and methods

ANIMALS
Female young (8-12 weeks old) and aged (18-22 months old) Balb/c mice were obtained from the National Institute of Aging (NIA), National Institute of Health (NIH, Bethesda, MD). The mice were kept in the facility at the Department of Laboratory Animal Research (DLAR) at our university on a 12 h daylight and 12 h night cycle and given food and water ad libitum. The protocols involving the animals were approved by the University of Kentucky Institutional Animal Care and Use Committee.
REAGENTS
The TLR-4 agonist LPS (Escherichia coli 055:B5) and the TLR-2 ligands, Pam-3-CSK4 and the GSK-3 inhibitor, SB216763 were obtained from Sigma Chemical Co. (St. Louis, MO),whereas the TLR-2 ligands, Pam-2-CSK4 and Lipoteichoic acid were obtained from In Vivogen (San Diego, CA). LY294002 and wortmannin, the inhibitors for PI3K were obtained from Calbiochem (San Diego, CA). FITC-conjugated anti-mouse LY-6G and anti-CD5 were obtained from BioLegend (San Diego, CA), while the FITC-conjugated antimouse CD45R (B220) was obtained from eBioSciences (San Diego, CA). The anti-FITC microbeads were obtained from Miltenyi Biotec (Auburn, CA). Serotype-2 S. pneumoniae bacteria were grown on blood agar plates and were inactivated by 10% formalin or heat treatment at 60° C for 1 hour. The OptEIA TMB peroxidase substrate for the ELISA was acquired from BD Biosciences (San Diego, CA).
CELL REPARATION
Mice were euthanized via carbon dioxide asphyxiation and the spleens aseptically removed and crushed into a single cell suspension. After washing and erythrocyte lysis, the FcγR were blocked with normal rat IgG for 15 minutes. The splenocytes were then incubated with a cocktail of FITC conjugated monoclonal antibodies against B220, CD5 and Ly6G in the dark for 30 minutes. This was followed by washing with MACS buffer and incubation with anti-FITC microbeads at 4-8° C for 15 minutes. The purified macrophages were obtained by separating the magnetic bead bound and unbound cells using the Miltenyi AUTOMACS Cell Separator. The resulting untouched macrophages were found to be 90-95% F4-80 positive cells. The purified macrophages were cultured in RPMI complete + 10% fetal calf serum (FCS) at 37°C in a humidified 5% CO 2 atmosphere.
FLOW CYTOMETRIC ANALYSIS FOR MACROPHAGE CELL SURFACE STAINING
Control and LPS (1µg/ml) or Pam-3-CSK4 (1µg/ml), Pam-2-CSK4 (1µg/ml) as well as LTA(1µg/ml) stimulated splenic macrophages were cultured for 24 hours and gently removed by scraping them off the plate. These macrophages from the aged and the young mice were stained for surface expression of CD86 and F4/80 using directly conjugated flourochrome antibodies (BD Pharmingen) for 30 minutes on ice. The cell fluorescence was analyzed by analyzing 10,000 events after gating for viable cells based on forward light scatter and side scatter, using the FACS CALIBUR (BD Instruments, San Jose, CA).
CYTOKINE ELISA
Cell free supernatants from either basal or activated purified splenic macrophages (2.5 × 10 5 cells/ml) were harvested following culture with or without TLR ligands or heat killed S. pneumoniae for 24 hours. TLR ligands were tested at different concentrations and the optimal dose determined was then used in all experiments. The supernatants were assayed for cytokines, IL-10, IL-12(p40), IL-12(p70), IL-6 and TNF-α, by ELISA using OptEIA kits (BD Biosciences, San Diego, CA). The optical densities (OD) were read on an HTS 7000 plate reader (Perkin Elmer, Norwalk, CT). The results were expressed as mean +/−SE of triplicate determinations of supernatants from duplicate cultures.
WESTERN BLOT
The splenic macrophages from aged and young adult Balb/c mice were plated at 2 × 10 6 cells/well in 500 µl of RPMI 1640 + 2% FCS in 24 well tissue culture plates. These cells are allowed to rest for 4 hours to allow macrophage adherence and recovery from handling and then stimulated with 1µg/ml LPS or Pam-3-CSK4, for 15 or 30 minutes. These time points and doses were chosen after performing a detailed kinetic analysis. For inhibition of PI3 kinase pathway, macrophages were pretreated with wortmannin or LY using doses that were predetermined to be optimal. The reaction was stopped by adding 1.0 ml of ice cold 1× phosphate buffered saline (PBS). The cells were washed twice with 1.0 ml 1× PBS. The macrophages were then lysed in a lysis buffer (Cell Signaling Technologies, Beverly, MA), to which was added protease inhibitor cocktail and phenyl methyl sulfonyl fluoride (Sigma Chemical Co. St. Louis, MO). The total protein content of the sample was determined by BCA protein assay (Pierce, Rockford, IL). Equal amounts of protein were separated by electrophoresis on sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and were transferred to nitrocellulose membranes for Western blot analyses. The membranes were blocked with 2% FCS and were then probed with the antibodies to p-Akt (S473), AKT, p-GSK-3αβ and GSK-3, all of which were from Cell Signaling Technologies; PTEN and β-actin from Santa Cruz Biotechnology (Santa Cruz, CA). The immunoreactive proteins were then detected using horseradish peroxidase coupled secondary antibodies and the PICO Chemiluminescence substrate (Pierce Technology) and by exposing to Kodak X-omat film. The relative OD of the protein bands was estimated using the Kodak Image Station software (Eastman Kodak, New Haven, CT). Band intensities were determined by dividing the phosphorylated protein by the total protein. The blots were stripped with stripping buffer (62.5mM Tris, PH6.8, 2%SDS, 0.1M 2-mercoptoethanol) and then probed with anti-beta actin (Sigma, St. Louis, MO) to correct for differences in protein loading.
REAL-TIME RT-PCR
Purified splenic macrophages (3 × 10 6 cells/3ml) were stimulated with 1 µg/ml LPS for 30 minutes and RNA extracted by TriZol extraction kit and then reverse transcribed to cDNA using the High Capacity cDNA Archive kit (Applied biosystems, Foster, CA). The cDNA was later amplified by real-time PCR in a 25µL reaction volume containing SYBR Green (QIAGEN, Valencia, CA) and analyzed using an ABI Prism Sequence detection system (Applied Biosystems, Foster City, CA). The experimental cDNA was tested in triplicate and normalized to 18S RNA. The RNA levels of p85, p110 and 18S were measured with QuantiTect PCR probes obtained from QIAGEN (Alameda, CA).
STATISTICAL ANALYSIS
Statistical differences between groups were evaluated using an unpaired Student's t test, or one way ANOVA. In both tests statistical significance was concluded when p<0.05.
RESULTS
3.1. Age-associated cytokine dysregulation correlates with an enhancement of Class IA PI3K activity in TLR-4 stimulated macrophages
We have previously shown that LPS activated aged splenic macrophages exhibited a cytokine dysregulation with a decrease in the pro-inflammatory cytokines but an increase in IL-10, an anti-inflammatory cytokine (R. L. Chelvarajan, et al., 2005) . In these experiments macrophages were purified by adherence or by positive selection with anti-CD11b beads. In order to establish the role of PI3 kinase in this cytokine dysregulation and to avoid the inadvertent activation of splenic macrophages by either adherence or positive selection with CD11b magnetic beads, we purified splenic macrophages using negative selection procedures. This method involved staining splenocytes with anti-CD5-FITC, anti-B220-FITC and anti-LY6G and using anti-FITC coupled magnetic beads to remove nonmacrophages. When these negatively selected macrophages from aged mice were stimulated with LPS they showed an increase in IL-10 secretion ( Figure 1A ) and a decrease in production of pro-inflammatory cytokines, IL-12(p40), IL-6 and TNF-α ( Figure 1B ) compared to similar cells from young adult mice. Thus these negatively selected macrophages continued to exhibit the same cytokine dysregulation that was observed with macrophages purified by other methods.
We questioned if the observed dysregulation of cytokine secretion by the TLR-4 activated splenic macrophages was due to the differential expression of PI3 kinase Class I isoform of PI3K that is mainly expressed in leukocytes, B-cells, T-cells, macrophages and has been consistently shown to be a negative regulator of pro-inflammatory cytokines upon TLR stimulation (Hazeki, Nigorikawa, & Hazeki, 2007; Koyasu, 2003; Laird, et al., 2009; Makela, Strengell, Pietila, Osterlund, & Julkunen, 2009; Saegusa, et al., 2007) . Hence, we examined our previously published microarray data (R. L. Chelvarajan, et al., 2006) to determine if there were differences in the expression of the regulatory and the catalytic subunits (p110) of Class I PI3K between the young and the aged. The results indicated that there was a statistically significant increase in the expression of p110δ ( Figure 1C ) and p85β ( Figure 1D ) in aged compared to young adult murine splenic macrophages, stimulated with LPS for six hours. These findings were confirmed by a quantitative reverse transcriptase real time polymerase chain reaction (qRT-PCR) which showed an increase in both p110δ ( Figure  1E ) and p85β ( Figure 1F ) in aged compared to young adult macrophages. The increased magnitude of differences between young and aged in qRT-PCR versus microarray data could be due to the differences in macrophage isolation between the two studies (positive versus negative selection) and the time of stimulation (30 minutes versus 6 hours). Therefore, we postulated that the age-associated decrease in pro-inflammatory cytokines but increase in anti-inflammatory cytokines may be due to the increased activity of PI3K.
Age-associated increase in the activity of PI3K as shown by changes in phosphorylation of Akt
It has been reported that the phosphorylation of Akt is an indirect way to determine the activity of PI3K (Hawkins, Anderson, Davidson, & Stephens, 2006; Saegusa, et al., 2007; Tachado, Li, Swan, Patel, & Koziel, 2008) since PI3K activation results in phosphorylation of Threonine-308 and then serine-473 on Akt in a temporal manner leading to an increase in its activity (Martin, Rehani, Jope, & Michalek, 2005; Pengal, et al., 2006) . Therefore, levels of p-Akt were measured in young and aged splenic macrophages, as a surrogate measure of PI3K activity. Western blot analysis showed that the phosphorylation of Akt was higher in aged compared to young adult splenic macrophages stimulated with LPS. The age-associated increase in p-Akt could be shown as early as 15 minutes of stimulation with LPS and was 2.4 times more in aged than the young adult ( Figure 2A ). The total levels of AKT (normalized to actin) were comparable in the elderly and the young mouse macrophages.
GSK-3 is a direct downstream substrate of Akt and has been shown to be mainly involved in the differential regulation of the anti-and pro-inflammatory cytokines. GSK-3 is phosphorylated on Serine-9 resulting in its inactivation (Martin, et al., 2005; Woodgett & Ohashi, 2005 ). An age-associated increase in the phosphorylation of GSK-3 would provide additional support to our hypothesis that the activity of PI3K/Akt pathway is increased in aged splenic macrophages. We employed western blot analysis to determine if the phosphorylation status of GSK-3 between the aged and the young correlated with the phosphorylation status of Akt. The phospho-GSK-3αβ subunits were normalized to the total GSK-3β subunit. GSK-3 phosphorylation was 3-fold more in the aged than the young by 15 minutes after stimulation with LPS, the TLR-4 ligand (Figures 2B). Total GSK-3β levels (normalized to actin) were similar between the young and the aged.
A defect in PTEN can lead to increased levels of PIP3 which in turn can result in increased PI3 Kinase activity (Butler, et al., 2002) . Tachado et al. have shown that in asymptomatic HIV positive patients TNF-α production by TLR-4 stimulated alveolar macrophages was suppressed due to a defect in PTEN expression leading to increased PI3K activity (Tachado, et al., 2008) . Hence, we decided to quantify age-associated differences in total PTEN between the aged and the young adult splenic macrophages by Western blot. Surprisingly, there were no statistically significant differences in the total PTEN at either the basal level or upon activation with LPS (Supplementary Figure 1A) . We further repeated this experiment using Pam2CSK4 as the ligand for TLR-2. Again, there were no differences in both the basal level or upon stimulation with the synthetic TLR2/6 ligand (Supplementary Figure 1B) . Thus, there is an increase in the activity of PI3K, as demonstrated with increased phosphorylation of AKT and GSK-3 in aged macrophages stimulated with TLR-4 ligand and is independent of the activity of PTEN.
Cytokine dysregulation in aged macrophages stimulated via TLR-2 and HKSP
TLR2 is known to be required for protection against S. pneumoniae infection (Dessing, et al., 2009; Malley, et al., 2003) . Therefore, we tested if age associated cytokine dysregulation could be shown with Pam3Csk4, a synthetic ligand for TLR2/TLR1 heterodimer. It was observed that the aged splenic macrophages stimulated with Pam-3-CSK4 produced higher levels of IL-10 compared to young adult macrophages ( Figure 3A ). However, there was a decrease in pro-inflammatory cytokines, such as IL-12 ( Figure 3B ) and IL-6 ( Figure 3C ).
Since, there is an increased incidence of pneumococcal infections in the elderly, we inquired if this may be partly due to a similar dysregulation in the cytokine response of macrophages to stimulation with S. pneumoniae. To address this question, we stimulated aged and young adult purified splenic macrophages with inactivated S. pneumoniae and assayed the cytokine response. The results demonstrated that there was an age-associated defect in TNF-α and IL-12(p40) production, in the aged compared to the young adult ( Figure 3D ). Thus, ageassociated cytokine dysregulation demonstrated with LPS, can also be seen in both TLR-2 and HKSP activated splenic macrophages.
Cytokine dysregulation in aged macrophages is seen with ligands that stimulate TLR-2 receptors
The lipoproteins or lipopeptides derived from bacteria are differentially recognized by either the TLR2/6 heterodimer or the TLR2/1 heterodimer depending on whether the cysteine residue is diacylated or triacylated. TLR2/1 ligands are typified by synthetic Pam3CSK4 while the natural ligands include mycobacterial lipoprotein and meningococcal lipoprotein. TLR2/6 recognizes the synthetic ligand Pam2CSK4 as well as mycoplasma lipoprotein, peptidoglycan (Takeuchi, et al., 2001; Wetzler, 2003) . However, some studies have shown that TLR-2 can recognize some bacterial ligands such as lipoteichoic acid (LTA) independent of TLR-1 or 6 (Buwitt-Beckmann, et al., 2006) (Ozinsky, et al., 2000; Schwandner, Dziarski, Wesche, Rothe, & Kirschning, 1999; Yoshimura, et al., 1999) . Having shown that aged splenic macrophages have a defect in their ability to secrete cytokines upon stimulation with Pam3CSK4, we wondered if their responses to Pam2CSK4 and/or LTA were preserved to make them better candidates for adjuvants for the aged. Such an analysis is important since some studies find that the different TLR2 ligands use distinct signaling pathways and have different in vivo effects while others find the two ligands use similar signaling pathways.
We stimulated negatively purified splenic macrophages from young and aged with the TLR2/6 ligand, Pam2CSK4 for 24 hours and assayed for IL-10 (Figures 4A) and IL-12(p40) (Figures 4B). As shown in Figure 4A , the aged produced higher IL-10 than the young adult (almost undetectable) when stimulated with Pam2CSK4, but lower levels of IL-12 (p40) than the young ( Figure 4B ). LTA is generally recognized by a TLR2/6 heterodimer (Hoebe, et al., 2005) in macrophages similar to Pam2CSK4. Accordingly, we demonstrated that LTA was able to induce higher levels of IL-10 ( Figure 4C ) but lower IL-12(p40) in the splenic macrophages from aged than young mice. Since TLR4 stimulation induced increased activation of the PI3-Akt-GSK pathway in aged versus the young macrophages, we tested if stimulation with the various TLR2 ligands also resulted in greater activation of this pathway in the aged. Western blot analysis of lysates from aged and young splenic macrophages stimulated with Pam2CSK4 showed that there was a 2.7 and 3.5 fold increase in P-AKT in the aged versus the young adult macrophages stimulated for 15 and 30 minutes respectively (Supplementary Figure 2A) . We also investigated the effect of age-associated increase in the phosphorylation of AKT on phosphorylation of its downstream target, GSK-3, in the context of TLR2/6 (Pam2CSK4). The Western blot analysis showed that the levels of P-GSK-3 were 3.3 and 10 fold more in the aged than in the young (Supplementary Figure 2B) at zero and 15 minutes of stimulation respectively. Similarly stimulation of macrophages with LTA also demonstrated increased levels of P-GSK-3 in the aged compared to the young (Supplemental Figure 2C ). Thus PI3K pathway activity is increased in the aged splenic macrophages upon stimulation with both TLR4 and TLR2 ligands.
PI3K inhibitors partially rescue the age-associated defect in TLR-4 induced cytokine production
We wondered if the increase in the activity of PI3K has a role in the decreased production of the pro-inflammatory cytokines and increased IL-10 secretion in the aged (Pengal, et al., 2006; Saegusa, et al., 2007) . Hence, splenic macrophages from aged and young adults were treated with either LY294002 or wortmannin, two well characterized PI3K inhibitors and then stimulated with LPS, the TLR-4 ligand to initiate cytokine production. At 2 and 5 µM of LY294002 there was a reduction in the levels of IL-10 in both aged and young macrophages stimulated with LPS ( Figure 5A ). At 50 nM, wortmannin had a more profound inhibitory effect on IL-10 production by the aged than the young macrophages ( Figure 5A ). As predicted, treatment of splenic macrophages with LY294002 resulted in the enhancement of IL-12(p40) in aged splenic macrophages, but not in the young adult ( Figure 5B ). The lack of enhancement in the young was surprising but was reproducible. However, when wortmannin was used as an inhibitor, there was a small but significant increase in IL-12(p40) in both age groups at 5 nM and 50 nM ( Figure 5B ) but the magnitude of increase in IL-12 with wortmannin was smaller in the young than in the aged. Thus, cytokine dysregulation in the aged appears to be linked to a defect in the PI3K-Akt pathway and this can be partially rescued by inhibiting PI3K with either LY294002 or wortmannin.
To be certain that the PI3K specific inhibitors were indeed blocking the PI3K/Akt pathway, Akt activation was evaluated by quantifying p-Akt levels in young macrophages treated with wortmannin or LY294002. LPS stimulation increased p-Akt levels compared to unstimulated cells. Inhibition of PI3K with wortmannin in the presence of LPS resulted in 1.6 fold reduction in the level of P-Akt compared to cells activated with LPS in the absence of the inhibitor at the 30 minute time point ( Figure 5C ; Lanes 3 and 4). Similarly with LY294002, another PI3K inhibitor, there was a reduction in LPS induced activation of Akt, by 3.7 fold at the 30 minute time point ( Figure 5C ; Lanes 3 and 5). To demonstrate that phosphorylation of GSK-3 in splenic macrophages is indeed dependent on the PI3K/Akt pathway, we determined if inhibition of PI3K with either LY294002 or wortmannin will affect p-GSK-3 levels (Martin, et al., 2005) . As shown in Figure 5D stimulation of macrophages with LPS resulted in an increase in GSK-3 phosphorylation at 15 and 30 minutes of stimulation. Treatment with wortmannin or by LY294002 decreased GSK-3 phosphorylation by 2.1 and 2.8 fold compared to untreated group after 30 minutes of LPS stimulation. Thus, activation of PI3K with TLR-4 ligand resulted in an increase in phosphorylation of Akt and GSK-3, which was reduced significantly by inhibition of PI3K.
3.6. The ability of LY294002 or wortmannin to modulate the age-associated defect in PI3K signaling on cytokine production can also be shown with TLR-2 ligands
We decided to investigate the possibility that decrease in secretion of pro-inflammatory cytokines in response to TLR2 ligands, might also be rescued by PI3K inhibitors because TLR2 signaling uses the same MyD88 adaptor as the TLR4 receptors (Dessing, et al., 2009; Hashimoto, et al., 2006; Snapper, et al., 1995) . Purified splenic macrophages from aged and young adult were pre-treated with LY294002 or wortmannin and then stimulated with Pam-2-CSK4 (1µg/ml) or LTA. Treatment with the LY294002 reduced IL-10 secretion in the presence of both Pam2CSK4 and LTA ( Figure 6A ) and increased IL-12(p40) secretion when either Pam2CSK4 ( Figure 6B ) or LTA ( Figure 6C ) was used as the TLR-2 agonist in the aged. Interestingly, the PI3K inhibitor induced very little or no increase in cytokine secretion by young macrophages. Similar results were obtained when Pam-3-CSK-4 was used to stimulate macrophages in the presence of the PI3K inhibitor. Thus IL-10 was reduced in both aged and young splenic macrophages when PI3K was inhibited, (Supplementary Figure 3A) . Moreover, treatment with LY294002 resulted in an increase in IL-6 (Supplementary Figure 3B) and IL-1 12(p40) (Supplementary Figure 3C) in aged splenic macrophages, an effect that was not seen in the young adult (Supplementary Figures  3B and 3C ).
Thus, PI3K inhibition results in reduced secretion of IL-10 but increased pro-inflammatory cytokines in the aged when any of the TLR-2 ligands are used to stimulate the macrophages. Moreover, PI3K inhibition regulated cytokine secretion more in the aged than in the young adult.
PI3K inhibition enhanced the HKSP mediated induction of pro-inflammatory cytokines in aged splenic macrophages
As shown in Figure 3D , HKSP induced pro-inflammatory cytokines are decreased in the aged. HKSP has been shown to interact with splenic macrophages via TLR-2, 4 and 9 and induce the secretion of both pro-and anti-inflammatory cytokines (Dessing, Florquin, Paton, & van der Poll, 2008; Dessing, et al., 2009; Lee, et al., 2007 ). Therefore, we tested if the impairment in HKSP-induced production of pro-inflammatory cytokines is also dependent on heightened PI3K activity in the aged, using LY294002 and wortmannin. Stimulating aged splenic macrophages with HKSP in the presence of LY294002 resulted in enhancement of HKSP induced secretion of IL-6 ( Figure 7A) . Similarly, treatment with wortmannin also enhanced secretion of both IL-6 ( Figure 6B ) and IL-12(p40) ( Figure 7D ) by HKSP stimulated aged macrophages. IL-12(p70) was measured ( Figure 7C ) since the P40 subunit is also shared with IL-23. HKSP alone did not induce much p70 but treatment with wortmannin dramatically enhanced p70 levels. Similarly, induction of IL-12 (p70) by Pam-3-CSK4 was also enhanced by PI3K inhibition (data not shown).
Age-associated cytokine dysregulation involving TLR-2 and HKSP is due to a defect in the Akt-GSK-3 signaling axis
Here we asked if the ability of the PI3K inhibitors to enhance TLR2 induced secretion of pro-inflammatory cytokine secretion is due to a reduction in the activation of p-Akt and p-GSK3, two downstream targets of the PI3K pathway. Inhibition of PI3K with 20µM of LY294002 in the presence of P3C (1µg/ml) resulted in 40% reduction in P-Akt compared to P3C activation without the inhibitor ( Figure 8A : lanes 2 and 3) when the densitometry of PAkt was compared to total Akt. Since the loading was unequal between lanes 2 and lane 3, we also compared the band intensity of p-Akt to that of β-actin band which showed a 76% reduction in p-Akt in LY pretreated cells compared to P3C stimulation without the inhibitor ( Figure 8A: lanes 2 and 3) . Treatment of Pam3CSK4 stimulated macrophages with wortmannin at 30 minutes resulted in a 28% reduction in P-GSK-3αβ ( Figure 8B: lanes 3  and 4) . When LY294002 was used, TLR-2 stimulated macrophages at 30 minutes showed a 56% reduction in P-GSK-3αβ levels ( Figure 8B : Lanes 3 and 5). Given the consistency in the reduction of P-GSK-3 upon stimulation of purified splenic macrophages with both TLR-2 and TLR-4 ligands in the presence of PI3K inhibitors, it was of interest to evaluate the effect of stimulating aged splenic macrophages with HKSP in the presence of LY294002. HKSP was effective in activating the PI3K-Akt signaling pathway, as indicated by an increase in the phosphorylation of GSK-3 ( Figure 8C : Lanes 1 and 2). Inhibition of PI3K with LY294002 resulted in a 52% reduction in the levels of P-GSK-3 ( Figure 8C : Lanes 2 and 3). Thus, activation of PI3K with TLR-2 or HKSP resulted in an increase in phosphorylation of Akt and GSK-3, which was reduced significantly by inhibition of PI3K.
Effect of PI3K inhibition on cytokine secretion by splenic macrophages stimulated with interleukin-1β (IL-1 β) is similar to TLR induction
Thus far we have shown an age associated cytokine dysregulation using ligands for TLR1/2, TLR2/6 and TLR4 receptors, all of which use the MyD88/Mal heterodimer for signal transduction. Hence one cannot distinguish if signal transduction via MyD88 or Mal is different in the aged compared to the young. Hence, we tested the effect of aging on IL-1β induced responses of macrophages, since IL-1β has been shown to use MyD88 but not Mal for signal transduction (Rijneveld, et al., 2003) . Moreover IL-1β has been shown to be critical for the clearance of S. Pneumoniae via both macrophage activation and antipolysaccharide antibody production by B-cells (R. L. Chelvarajan, et al., 1998; Kafka, et al., 2008) . Very little is known about the role of the PI3K-AKT-GSK-3 signaling axis in regulating IL-1β-mediated induction of IL-10 and the pro-inflammatory cytokines in the context of aged splenic macrophages. Inhibition of PI3K pathway with LY294002 resulted in a suppression of IL-1 induced IL-10 secretion (Figuire 9A) but an enhancement of IL-6 secretion ( Figure 9B ) similar to our results with TLR2 and TLR4 ligands. This suggests that major target of PI3kinase-Akt-GSK-3 axis is in regulation of the MyD88 pathway in macrophages, which is consistent with the recent findings that the p85 subunit of PI3K directly interacts with MyD88 (Laird et al 2009) .
Discussion
Immune responses to infection, in particular to encapsulated bacteria, are decreased in the aged. Previously, we have shown that antibody responses to polysaccharide antigens, one of the protective antigens for infections with pneumococcal bacteria, are decreased in the aged, in part due to defects in macrophage function (R. L. Chelvarajan, et al., 2005) . Using TLR-4 activation as a model system we have shown that the splenic macrophages from the aged exhibit a cytokine dysregulation phenotype with a decrease in pro-inflammatory cytokines required for B cell activation. Using gene expression studies we also showed that this is due to a decrease in the activation of the MyD88 signaling pathway leading to a decrease in ERK activation but an aberrant increase in p38 MAP kinase activation (R. L. Chelvarajan, et al., 2006) . Since the immune responses to Gram positive bacteria such as S. pneumoniae are also dependent on TLR2 activation (Dessing, et al., 2009; Seo, et al., 2008) and since TLR2 ligands also utilize the MyD88 signaling pathway, we hypothesized that splenic macrophages from the aged would exhibit a cytokine dysregulation phenotype with synthetic TLR2 ligands or intact bacteria similar to that seen with TLR4 activation. Indeed, studies presented here demonstrated that activation with HKSP or any of the TLR-2 ligands, Pam3-CSK4, Pam-2-CSK4 or LTA induces lower levels of pro-inflammatory cytokines such as IL-12 but higher levels of anti-inflammatory cytokines such as IL-10 in splenic macrophages from the aged compared to cells from the young. Together with our previous studies, these results demonstrate that immunosenescence affects responses of splenic macrophages to both TLR2 and TLR4 ligands.
To understand the signaling mechanism governing this age-associated cytokine dysregulation, we evaluated the activity of PI3K, a well established switch-factor for proand anti-inflammatory cytokines (Fukao & Koyasu, 2003; Polumuri, et al., 2007; Saegusa, et al., 2007 ). An analysis of our previous data on gene expression in highly purified splenic macrophages (R. L. Chelvarajan, et al., 2006) revealed that there was an age-associated increase in expression of genes encoding both the catalytic (p110δ) and the regulatory (p85β) subunits of the Class IA PI3 kinase, which was further validated by qRT real time PCR. There was an increase in functionally active PI3-kinase in the aged as shown by an increase in the phosphorylation of its downstream target, Akt, in splenic macrophages stimulated by ligands for TLR-2 and TLR-4. Moreover, phosphorylation of GSK-3, an immediate downstream target of Akt (Hazeki, et al., 2007; Martin, et al., 2005) , also was increased in TLR-2 and TLR-4 stimulated splenic macrophages from the aged compared to the young. Thus, the PI3K-Akt-GSK-3 pathway that is known to negatively regulate proinflammatory cytokine production was upregulated in macrophages from the aged. The increase in activity of this pathway was seen in macrophages from the aged stimulated with TLR2 or TLR4 ligands as well as HKSP.
We next asked if inhibitors of PI3K could restore pro-inflammatory cytokine production and decrease IL-10 production by TLR-2 or 4 stimulated macrophages from the aged. Accordingly, we showed that PI3K inhibitors enhanced IL-12(p40) production and decreased IL-10 secretion by aged mouse splenic macrophages stimulated with either TLR-2 or TLR4 ligands. However, under these conditions PI3K inhibitors did not have much effect on cytokine secretion by young adult splenic macrophages, stimulated with TLR-2 or 4 ligands. Despite previous studies demonstrating specificity of wortmannin and LY294002 to Class I isoform, more recent studies found that one of the Class II isoforms is also inhibited by these reagents, albeit at 50-100 fold higher concentration (Hawkins, et al., 2006; Misawa, et al., 1998; Stack & Emr, 1994; Stephens, et al., 1994; Virbasius, Guilherme, & Czech, 1996) . Currently we are devising an RNAi approach to establish the relative importance of PI3K isoforms in age-related cytokine dysregulation.
Our finding that in vitro stimulation of purified splenic macrophages produced higher IL-10 but lower pro-inflammatory cytokines in the aged than in young is consistent with other published work (Boehmer, et al., 2004; R. L. Chelvarajan, et al., 2005; Panda, et al., 2010; Renshaw, et al., 2002) . In contrast, there are several reports that IL-6 levels are increased in the elderly and contribute to basal inflammation (Bruunsgaard & Pedersen, 2003; Franceschi, et al., 2000) . This apparent inconsistency between the in vitro and in vivo cytokine profile has been attributed to the criteria used to select elderly subjects (Ahluwalia, et al., 2001) . It has been shown that the frail elderly already have predisposing underlying diseases that impact on basal inflammation, whereas, in the healthy elderly, the inflammation is controlled by the increase in the levels of IL-10 (Ahluwalia, et al., 2001; Larbi, et al., 2008) . Thus, Njemini et al (2007) found that IL-6 levels in healthy elderly were less than in young adult but that the levels of IL-6 are more in elderly than young when there is evidence of infection. Additionally, work from Kovacs laboratory (Gomez, et al., 2010) has further confirmed the in vitro defect in production of pro-inflammatory cytokines by LPS activated macrophages from the aged. Interestingly, aged IL-6 knockout mice made more TNF-α, IL-12 and IL-6 than young IL-6 knockout mice suggesting a role for systemic IL-6 in the cytokine defect of aged mice. However, IL-6 regulation is complex since young IL-6 knockout mice made less IL-1, IL-12 and TNF-α than young wild type mice (Gomez, et al., 2010) .
Working with monocyte derived dendritic cells (MDDC) from the elderly; Agrawal et al (Agrawal, et al., 2007) showed that the age-associated increase in the pro-inflammatory cytokines is due to a decrease in PI3K activity and increased activity of P38 MAP Kinase. These discrepant results could be due to the use of splenic macrophages in our study; while peripheral blood monocyte derived dendritic cells were used by Agrawal et al and/or due to differences between the murine and human systems. In contrast to this study with DCs and in agreement with our studies Panda et al reported that elderly human myeloid and plasmacytoid DC from peripheral blood mononuclear cells exhibited a defect in the production of pro-inflammatory cytokines (Panda, et al., 2010) .
Using Zymosan, a yeast derived TLR-2 ligand, to stimulate purified splenic macrophages, Boehmer et al (Boehmer, et al., 2005 ) also found that IL-6 was decreased in the aged. However, it was shown that there was no difference in the cytokine levels between the aged and the young adult in terms of IL-10. This apparent contradiction from our finding that IL-10 was higher in the aged compared to the young could possibly be explained first by putative differences in the signaling mechanism between Zymosan and the other TLR2 ligands used here. Zymosan has been shown to interact with dectin-1 to stimulate production of pro-inflammatory cytokines (Dennehy, et al., 2008; Dillon, et al., 2006; Du, et al., 2006) . Pam-3-CSK4 is not known to signal via dectin-1 to induce cytokine production (Gantner, Simmons, Canavera, Akira, & Underhill, 2003) . A second plausible reason for this apparent contradiction could be due to the method by which the macrophages were purified. We used negative selection to isolate the splenic macrophages and thus kept them unperturbed. Boehmer et al used adherence to isolate macrophages, which is known to activate macrophages (De Sole, et al., 1992; Kelley, Rozek, Suenram, & Schwartz, 1987) .
Although, we observed the expected negative effects of PI3K on pro-inflammatory cytokines in the aged, we were surprised to note that the effects of PI3K inhibitors on cytokine secretion by young splenic macrophages were very modest and were seen only in certain groups. Interestingly most of the studies that were performed with young macrophages to investigate the role of PI3K and cytokine regulation used human monocytes, murine peritoneal macrophages, alveolar macrophages and macrophage-derived cell lines like THP-1 and RAW 264.7 cells but not splenic macrophages (Luyendyk, et al., 2008; Pengal, et al., 2006; Saegusa, et al., 2007; Tachado, et al., 2008; Weichhart, et al., 2008) . It is possible that the PI3K pathway may not have major negative effects on TLR signaling in young adult splenic macrophages, due to the low expression of the PI3K enzyme. More profound effects may have been seen in the aged due to increased expression of PI3K subunits.
The association between the increased activity of PI3K and a defect in PTEN expression is well established (Marone, et al., 2008) . PTEN has been shown to promote pro-inflammatory activity of macrophages (Cao, et al., 2004) . MDDCs from elderly were shown to have increased PTEN levels (Agrawal, et al., 2007) . However, we did not note any difference in the level of PTEN between aged and young adult spleen macrophages. This apparent contradiction regarding age associated changes in PTEN levels may also be due to differences between macrophages and DCs and/or due to differences between human and mouse.
We propose a model (Supplementary Figure 4) in which there is a heightened activity of PI3K in the aged (Supplementary Figure 4A) resulting in increased phosphorylation of Akt. The increased activity of Akt results in a further phosphorylation of GSK-3 and reduction in its activity. We propose that the reduction in the activity of GSK-3 affects transcription factors like CREB, AP-1 and p65NFκB resulting in increased IL-10 but a decrease in the pro-inflammatory cytokines such as IL-12, IL-6 and TNF-α. Inhibiting PI3K reverses this phenotype to that of a young adult (Supplementary Figure 4B) with increases in the proinflammatory cytokines over IL-10. We are currently investigating the effect of modulating PI3K on transcription factors CREB, AP-1 and p65NFκB. Here we have included TLR2/ TLR6 heterodimers and IL-1R since we find similar results with Pam2CSK4 (TLR2/6 ligand) and IL-1.
The biological significance of our findings is that these inhibitors could be used to reverse the effect of aging on macrophage function. We have shown that macrophages and macrophage-mediated cytokine defects in the aged were critical factors responsible for the impaired anti-capsular antibody response in the aged (Bondada, et al., 2000; R. L. Chelvarajan, et al., 2005) . We have also shown that the humoral response of the aged to polysaccharide vaccine or TNP-Ficoll and TNP-LPS, representative thymic independent antigens, could be enhanced if aged B-lymphocytes are provided with either young macrophages or macrophage-derived cytokines like IL-6 and IL-1β (R. L. Chelvarajan, et al., 2005; Garg, et al., 1996) . Others have shown that antibody response to infection with S. pneumoniae could also be enhanced in the presence of IL-12 (Arulanandam, et al., 2001; Metzger, et al., 1996; Sun, Salmon, Lotz, & Metzger, 2007) . We propose that PI3K inhibition could be used to enhance the macrophage-derived cytokines that are known to provide the signal 2 needed to activate B cells and mount an effective antibody response to S. pneumoniae and/or pneumococcal polysaccharide vaccines in the elderly. In conclusion, we have made a novel observation that the age-associated increase in PI3K-Akt activity is a signaling defect that contributes to the cytokine dysregulation observed in the aged and that PI3K inhibitors may be useful as unique adjuvants to enhance immune responses in the aged.
RESEARCH HIGHLIGHTS
➢
There is an age-associated heightened activity of the Class IA PI3K at the mRNA level in LPS stimulated splenic macrophages.
The heightened activity of PI3K in the aged splenic macrophages can be validated indirectly by the increased phosphorylation of AKT and GSK-3 upon TLR-4 stimulation.
Aged splenic macrophages exhibit cytokine dysregulation upon stimulation with ligands for TLR-2 and TLR-4 receptors.
The age-related increase in activity of PI3K suppresses the pro-inflammatory cytokines but enhances IL-10 as shown by the ability of the PI3K pharmacological inhibitors, LY294002 and wortmannin to partially rescue this cytokine dysregulation in the presence of TLR-4 agonist.
The aging phenomenon leading to increased PI3K activity can be recapitulated via western blots for P-Akt and P-GSK-3 in the context of stimulation with TLR2 /TLR-1 or TLR-2/TLR-6 heterodimers and HKSP.
This finding is the first that directly links age-associated heightened activity of PI3K as a mechanism for cytokine dysregulation in macrophages in the context of TLR-2 and TLR-4 as well as HKSP. Splenic macrophages (2.5×10 5 cells/ml) from young (2-4 months) and aged (20-24 months old) mice purified by negative selection using an AUTOMACS cell separator were stimulated with LPS (1µg/ml) for 24 hours (Panels A and B) and the supernatants were collected and analyzed for IL-10 (Panel A) or pro-inflammatory cytokines, IL-12(p40), IL-6, and TNF-α (Panel B ). The results are shown as mean +/− SE of duplicate determinations from triplicate cultures, and are representative of three independent experiments. The symbol * indicates the statistical significance of differences in cytokine secretion between the young and the aged. Panels C and D represent levels of RNA for p110δ and p85β subunits derived from microarray analysis performed on gene expression in young and aged macrophages as reported in Chelvarajan et al.(R. L. Chelvarajan, et al., 2006) . QRT-PCR analysis of mRNA is shown in panels E and F for P110δ and p85β subunits respectively of PI3 kinase in purified splenic macrophages from young and the aged. The C t values for each probe were normalized to the 18S RNA. The symbols * and # indicate the statistical significance of differences in RNA expression between the young and the aged. Purified young adult and aged splenic macrophages were stimulated with LPS 1µg/ml for 15 minutes. Panels A and B show the phosphorylation of Akt and GSK-3 respectively in the aged and the young splenic macrophages stimulated with LPS. The blots were stripped and probed for total AKT and actin in panel A and for total GSK-3β and actin in panel B. The numbers represent densities of bands normalized to total AKT with the values for unstimulated aged macrophages set to one. The figure in panel A is a composite of blots for P-Akt, Akt and actin from the same membrane that was stripped and reprobed. The same method was employed to assemble panel B for P-GSK-3αβ, GSK-3β and actin. The young and aged cell lysates were electrophoresed on the same gel and the membranes were exposed for identical time periods. Although a detailed kinetic analysis of LPS stimulation was performed, only the lanes representing 0 minutes and 15 minutes time points are shown for clarity. The graphs show cytokine secretion by purified aged and young adult splenic macrophages pretreated with either 2 or 5 µM LY294002 or 5 or 50 nM wortmannin (panels A and B) for 60 minutes and then stimulated with LPS (1µg/ml) for 24 hours. Supernatants were collected and assayed for IL-10 (panel A) and IL-12 (p40) (panel B) by sandwich ELISA. Data are presented as mean+/−SE values of 6-10 determinations and are representative of three independent experiments. The symbols * and ** indicate statistical significance of differences in responses in groups treated with LPS alone compared to groups treated with LPS + PI3K inhibitor. Purified young adult splenic macrophages were pre-treated with either LY294002 or wortmannin for 1 hour and then stimulated with LPS (Panel C) for 15 or 30 minutes. The blots were probed for p-Akt and later probed for total Akt and actin after stripping. The numbers represent densities of bands normalized to total AKT with the values for unstimulated aged macrophages set to 1. Panel D shows relative changes in phosphorylated GSK-3 in young splenic macrophages stimulated with LPS in the presence of PI3K
inhibitors. The numbers represent densities of both GSK-3alpha and GSK-3beta bands normalized to total GSK-3β with the values for unstimulated aged macrophages set to one. Results are representative of two independent experiments. The final figure in panel C is a composite of blots for P-Akt, Akt and actin for samples run on the same membrane that was stripped and reprobed. There was a lane 6 for inhibition with LY294002 at 15 minutes, but this was deleted for consistency between wortmannin and LY294002 at 30 minutes. The same method was employed to generate the Panel D; except that membrane was probed for GSK-3 instead of Akt. Purified aged splenic macrophages were pre-treated with either LY294002 or wortmannin for 1 hour and then stimulated with Pam-3-CSK4 (Panels A and B) or HKSP (2×10 8 CFU/ ml) (Panel C) for 15 or 30 minutes, respectively. The blots were probed for p-Akt (Panel A), p-GSK-3αβ (Panels B and C) and later probed for total Akt (Panel A), total GSK-3β (panels B and C) and actin after stripping. The numbers represent densities of bands normalized to total AKT, actin or GSK-3 with the values for unstimulated aged macrophages set to 1. Results are representative of two independent experiments. The final figure in A is a composite of blots for P-Akt, Akt and actin for aged samples run on the same membrane that was stripped and reprobed. The intervening space (between second and third lane) was for lanes loaded with lysates from other time points or treated with other inhibitors but were deleted to focus on the effect of P3C on Akt activation at 15 minutes, which was maximum in this experiment. Panels A and B respectively show the levels of IL-10 and IL-6 secreted by IL-1 (400U/ml) stimulated aged splenic macrophages pretreated with LY294002 for 60 minutes. Supernatants were collected and assayed for IL-10 and IL-6 by sandwich ELISA. Data represent mean +/− SE of duplicate determinations of supernatants from duplicate cultures. The symbol * indicates the statistical significance of differences in cytokine levels between cells treated with IL-1 alone or IL-1 + the PI3K inhibitor.
